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A new mathematical model to predict diffusion mass transport among surfaces 
is described which accounts for inter-molecular collisional behavior. The 
mathematical characterization utilizes dynamic thermal history behavior for 
the surfaces of interest. It evaluates the instantaneous local atmospheric 
pressure prior to and during ascent to calculate molecular collision proba- 
bilities. Adsorption coefficients for various temperatures are evaluated 
for each surface in a manner which simulates their mission temperature cycles. 
The input data for this portion of the contamination model is developed from 
thermal models, and a "sojourn" time and accommodation coefficient description 
is applied to surface behavior. 

The model has been used to predict net contamination conditions at insertion 
for a geosynchronous satellite launched on a Titan 34D vehicle. Output data 
from that analysis is presented and further applications to alternative launch 
techniques are reviewed. A description of the parametric index which allows 
selection of either the diffusion or the line-of-sight contamination trans- 
port calculations, as appropriate to the mission instantaneous environment, 
is also given. 
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1 .0  INTRODUCTION 

I n  t h e  ana lys i s  and mathematical c h a r a c t e r i z a t i o n  of contamination 

processes  related t o  space missions, two sepa ra t e  mass t r a n s p o r t  re- 
gimes can be defined. 

two regimes has been l i ne -o f - s igh t  behavior i n  which molecules o r  par -  

t i c l e s  can t r a v e l  over s i g n i f i c a n t  d i s t ances  before  c o l l i d i n g  w i t h  

o t h e r  bodies.  

i zed  by r e l a t i v e l y  low populat ion d e n s i t i e s  of molecular spec ies  i n  t h e  

l o c a l  environment. Typical  molecular concentrat ions,  f o r  example, are 
i n  t h e  order  of 10" molecules pe r  cubic cent imeter  o r  less. The cor-  

responding mean free pa th  is of t h e  order  1 0  cent imeters  (10 nreters) 
m longer.  

most spacec ra f t  with reasonable accuracy. 

t r a n s p o r t  condi t ions,  it is  convenient t o  express  t h e  mass t r a n s p o r t  

behavior of ma te r i a l s  i n  terms of a "view-factortt  ana lys i s  which 

descr ibes  t h e  geometric r e l a t i o n s h i p s  of source and t a r g e t  p a i r s .  

view f a c t o r  contamination p red ic t ion  is v a l i d  if one assums t h a t  ex- 

t e r n a l  f o r c e s  a c t i n g  on t h e  molecules o r  p a r t i c l e s  are n e g l i g i b l y  

small, t h a t  intermediate  c o l l i s i o n s  e s s e n t i a l l y  do not  occur, and t h a t  

t h e  source material p a r t i c l e s  a r e  emi t ted  wi th  a mathematically def ined 

d i r e c t i o n a l  c h a r a c t e r i s t i c .  

magnetic, and g r a v i t a t i o n a l  ones. ) 
spacecraf t  contamination behavior  under " l ine-of  - s igh t"  assumptions 

w i t h  var ious degrees of r i g o r  i n  r ecen t  literature. 

Heretofore,  t h e  more widely inves t iga t ed  of t h e s e  

This condi t ion  p r e v a i l s  i n  deep space and is cha rac t e r -  
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Such condi t ions  cha rac t e r i ze  t h e  o r b i t a l  environmmt of 

Under these  " l ine-of  -sight" 

The 

(Poss ib le  f o r c e s  include e l e c t r o s t a t i c ,  

Other i n v e s t i g a t o r s  have reviewed 

The mass t r a n s p o r t  ( t tcontaslination") behavior which occurs p r i o r  

t o  i n s e r t i o n  of t h e  spacec ra f t  i n  deep space vacuum, however, has not  

been prominently t r e a t e d  i n  t h e  l i t e r a t u r e .  The e s s e n t i a l  d i f f e rence  

is  t h a t  a nonnegl igible  p r o b a b i l i t y  of i n t e r a c t i o n s ,  o r  c o l l i s i o n s ,  

e x i s t s  due t o  the h igher  concentrat ion of ambient molecules. A t  nor- 

m a l  atmospheric pressure ,  f o r  example, t h e  molecular concentrat ion is  
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of the order 10'' molecules per cubic cent imter .  
mean free path is  less than 10-5 centimeters (10-7 meters). 
of repetitive coll isions is t o  randomize the direction of molecule 
(par t ic le )  motion, thereby giving rise t o  gaseous diffusion mass trans- 
port  which is  omnidirectional. In  addition, since this diffusion 
transport behavior is not res t r ic ted  t o  straight l i n e  travel,  it is  
not subject t o  shadowing influences. 
diffusion departs s ignif icant ly  from line-of-sight concepts and effects. 

This transport mode  requires, then, a different  mathematical and con- 
ceptual approach f o r  application t o  pre-orbital  spacecraft contamination 
studies. 
are increasingly contaminant-sensitive, par t icular ly  f o r  long-lived 
missions, appears t o  warrant developmental effort .  This paper summa- 
rizes the results of Aerojet's recent ac t iv i t i e s  i n  the mathematical 

and computer modeling of gaseous  d i f f u s i o n - t r a n s p o r t  contaminat ion,  

and reviews a simple preliminary mdel which was applied t o  a particu- 
lar launch and ascent sequence f o r  a geosynchronous s a t e l l i t e  mission. 

The corresponding 
me effect  

Therefore, material transport by 

The value of such an analytical  t o o l  f o r  space vehicles which 

2.0 BACKGROUND AND DIG'INITIONS 

In  the f ie ld  of space system contamination, mass transport can be 
characterized i n  three d i s t inc t  mdes. 

2.1 Mode 1: Diffusion mass transport, typified by highly 
populous anibient molecules, generally gaseous. 
An example i s  the redistribution of material 
caused by molecular concentration gradients 
with respect t o  both t i m e  and distance. 

2.2 Mode 2: Line-of-sight mass transport, characterized 
by the re la t ive  absence of anibient i n t e rmle -  
cular coll isions.  An example is "backstreaming" 
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of pump f lu ids  under certain conditions 
i n  vacuum pumping. 

2.3 Transition and Special Effects Modes: Mass transport 
by mchanisms not described accurately by 

e i ther  Mode 1 or  Mode 2. Examples are 
i n t e m d i a t e  mlecular  concentration 
regimes with conibined viscous and non- 
viscous flow, particulates,  and active 
forces, such as rocket exhausts, electro- 
s t a t i c  and gravitational forces, and the 

l ike.  

This paper w i l l  address the Mode 1 mass transport only. It i s  

obviously appropriate t o  consider all three modes f o r  t o t a l  space sys- 
tem contamination control. 
in terval  i n  a spacecraft 's l i fe  cycle during which the respective con- 
tamination transport mchanisms are active. The t o t a l  l i f e  cycle t i m e  
during which contamination can occur begins w i t h  mmufacture of the 

space component or system and ends at the termination of i t s  useful 
l ife.  
phase8. 

Figure 1 summarizes the approximate ti= 

Mode 1 contamination extends only through the launch and ascent 

3.0 MATHEMATICAL APPROACH 

The c lass ica l  kinet ic  theory of gases is based on the assumptions 
that matter is  made ug of mlecules, and that the mlecules  have a 
velocity which is  related t o  the temperature of the gas. 

certain well-known mathematical relationships concerning the kinetic 
energy of the various mlecules. 
depend on the molecular mass and on the velocity as: 

This yields 

These values of kinet ic  energy 
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E 

where 

E 

m 
S 

S 
V 

It 

1 2 - m  v 2 s s  

s &e t r a n s l a t - J n a l  k i n e t i c  energy 

is  t h e  mass f o r  t h e  c h a r a c t e r i s t i c  molecular spec ies  

is  t h e  v e l o c i t y  of t h e  molecule 

was determined by Maxwell and Boltzman t h a t  a v e l o c i t y  distri-  

bu t ion  func t ion  could be expressed t o  cha rac t e r i ze  t h e  range of v a r i a -  

t i o n  of t h e  molecular ve loc i ty .  This is of t h e  form: 

where 

fv  is  t h e  f r a c t i o n a l  nurnber of molecules whose v e l o c i t y  ranges 
between v and ( v  $. dv)  

For  t h i s  func t ion ,  t h e  value of f v  is  zero f o r  v = 0 and f o r  

v = -; fv has  i ts  maximum value at :  

as can be seen by d i f f e r e n t i a t i n g  fv  w i t h  r e spec t  t o  v and s e t t i n g  t h e  

result equal  t o  zero. V i s  t h e  most probable ve loc i ty .  
P 

Applicat ion of Equation ( 2 )  t o  mathematically descr ibe  t h e  proper-  

t ies of molecules i n  motion can y i e l d  d i f f e r e n t  values of ve loc i ty ,  

depending on t h e  na tu re  of t h e  i n t e g r a t i o n  performed on t h e  v e l o c i t y  

d i s t r i b u t i o n  funct ion.  For example, i f  molecular k i n e t i c  energy 
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exchange is t o  be calculated, the significant term is the mean square 

of velocity, which yields 

from which, therefore, 

If, however, it i s  desired t o  evaluate bulk transport of gas, the 

appropriate velocity is 

theref ore 

It i s  erroneous t o  apply the value of Equation ( 3 )  indiscrimin- 
a te ly  in  mathematical modeling work, and, moreover, it is  preferable 
t o  express the  velocity dis t r ibut ion and t o  perform integrations over 
the appropriate range of molecular velocities. 
the various vdues  of velocity and the function of Equation (2). 

net molecular transport, then Equation (6)  w i l l  be used. 

Figure 2 i l l u s t r a t e s  
For 

An extension of the classical  kinet ic  theory which assums per- 

f ec t ly  e l a s t i c  intermolecular and surface coll isions gives rise t o  the 

so-called ideal gas relations. This is comrnonly expressed mathematic- 
a l l y  as 
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PV = n Ro T 

where 
P = the gas pressure 
V = the volume occupied by the gas 
n = the number of mles of gas i n  the volume V 

Ro is  a constant defined by the masurement system of units 
T is the absolute temperature of the gas i n  the closed ~01~11113, V. 

A simplifying assumption is made that  the gases do not change 
s ta te ,  making Van der Waals' correction terms unnecessary. 

For the mathematical case of Illodeling an ideal closed system a t  
equilibrium, the above eqress ions  would apply. For the ascent tran- 
s ient  analysis, however, three additional mathematical descriptors 
must be applied. 
various physical surfaces t o  adsorb or  desorb gas. 
sis of t h i s  complex behavior is  beyond the scope of t h i s  paper. 
simplifications, however, an approximation of t h i s  behavior can be 

The f i rs t  of these is  a characterization of the 

A rigorous analy- 
With 

described in  the form 0 

22 NoB = 3-51 x 10 

where 

T is  the temperature of the gas 
Ts i s  the temperature of the surface 
t '  is the period of oscil lation of the mlecule normal t o  the 

surf ace ( approximately 10-13 seconds ) 
is the energy f o r  desorption. 

1. Roth, A . ,  Vacuum Technology, North Holland Publishing Company, 
New York (1976), p. 175. 
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f is the st icking coefficient 

P is  the pressure 

8 is  the covered area, which is  desorbing 

1-0 is the uncovered area, which is  adsorbing 

N is  the t o t a l  rider of molecules required t o  form one monolayer. 
0 

Equation (9) is only valid f o r  less than a complete mnolayer but 

is used here due t o  its re la t ive  simplicity. 

can be used t o  describe the multilayer absorption case. 

More complex equations 

The second characterist ic which must be described mathematically 

is the "pump-down" of the payload compartment which resu l t s  from the 

reduction of loca l  exter ior  atmospheric pressure with alt i tude.  

launch vehicle ascends, gas outflow from i ts  in te r ior  volumes occurs 

in  response t o  this  pressure difference. 

method f o r  analytically evaluating internal  chamber pressures, given 

vent path parameters, outgassing characterist ics of the spacecraft 

materials, and the exterior pressure dynamic conditions. H i s  compu- 

ta t ion  method essent ia l ly  requires simultaneous solution of flow equa- 

tions, using parametric isothermal materials outgassing functions. I n  
a typical  mission, the altitude-time interrelationship during ascent 

w i l l  be predetermined by the launch vehicle and payload character- 

i s t i c s .  For example, typical  t i m e  versus a l t i tude character is t ics  are 
indicated i n  Columns 1 and 2 of Table I. Handbook data a can readi ly  

be used t o  establish the  external pressure as a function of alt i tude.  

This, i n  turn, provides a pressure versus time function, as i l l u s -  

t ra ted  by Columns 3 and 4 of Table I. 

A s  the 

Scialdone @has  presented a 

Figure 3 graphically depicts 

2. Scialdone, J. J., Internal Pressures of a Spacecraft o r  Other 
System of Compartments, Connected in  Various Ways and Including 
Outgassing Materials, in  a Time-Varying Pressure Environmnt, - 
X-327-69-524, GSFC (1969). 

3. U.S. Standard Atmosphere, 1976. NOM, NASA, USAF. NOM-S/T 76- 
1562, USGPO, Washington, D. C. , (1976). 
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t h e  i n t e r r e l a t i o n s h i p  of a l t i t u d e  and pressure.  

ana lys i s ,  t h e  time increment r e s o l u t i o n  was taken a r b i t r a r i l y  as 10 

seconds, r a t h e r  than 50 as shown i n  t h e  abbreviated table. Obviously, 

any appropr ia te  t i m e  i n t e r v a l  may be chosen, depending on t h e  r equ i r e -  

m n t s  of p r e c i s i o n  f o r  t h e  p a r t i c u l a r  a n a l y t i c a l  mdel. 

For t h i s  a c t u a l  m d e l  

TABU I 
LAUNCH MISSION ALTITUDE AND P€U3SsuKE W A M I C  CHPLRACTERISTICS 

Time from 
Launch Al t i t ude  Pressure  PPessure 

( seconds ) (103 m) ( Torr ) ( P a s c a l )  

0 

50 
100 

150 

200 

250 

300 
350 
400 

0 

6.7 
34 
61 
87 

110 

131 
144 
151 

5 
4 
2 

1 

1.0 x 10 2 

2 
7.6 x io 
3.2 x i o  4.3 x 10 
4.8 6.4 x 10 

1.7 x 10 1.3 x 10-1 
2.3 10-3 3.1 x 10-I 
5.3 10-5 7.1 10-3 

1.2 10-3 

3.3 x 10 -6 4.4 lo-4 

-6 8.8 x 10 
4.5 x 6.0 x 10 -4 

The t h i r d  dynamic c h a r a c t e r i s t i c  which must be defined t o  apply 

t h i s  model is sur face  temperature behavior.  Equation ( 9 )  r e q u i r e s  t h e  
use of Spec i f i c  surface temperatures t o  evaluate the quasi-equi l ibr ium 

adsorbed gas state. During t h e  a c t u a l  veh ic l e  ascent ,  t h e  su r face  

temperatures are changing wi th  time; i n  f a c t ,  var ious  su r faces  have 

d i f f e r e n t  temperature change r a t e s  because of t h e i r  thermal  and mass 

p r o p e r t i e s  and their  design conf igura t ion  i n t e r r e l a t i o n s h i p s .  Using 

a thermal  mdel of t h e  spacecraf t ,  t h e  e f f e c t  of d i f f e r e n t  payload 

f a i r i n g  temperature h i s t o r i e s  on key contaminat ion-sensi t ive su r face  

temperatures was a n a l y t i c a l l y  inves t iga ted .  For two such condi t ions,  
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which are cha rac t e r i zed  by t h e  curves des igna ted  "maxim f a i r i n g  

temperature" and "minimum f a i r i n g  temperature ,  " t h e  temperature of one 

thermal  c o n t r o l  s u r f a c e  can vary  dur ing  a scen t  as shown i n  F igure  4. 
The curves i n d i c a t e  t h e  p red ic t ed  thermal  c o n t r o l  su r f ace  temperatures  

f o r  "worst case" and "best case" payload f a i r i n g  temperature  condi- 

t i o n s .  

degrees  300 seconds after launch. This  results, of course, i n  s i g n i -  

f i c a n t l y  d i f f e r e n t  deso rp t ion  rates f o r  t h e  two launch cases. 

it s t r o n g l y  sugges ts  t h a t  s o w  c o n t r o l  i s  p o s s i b l e  over  launch phase 

i n t e r s u r f a c e  mass t r a n s p o r t  by applying similar analyses  and thermal  

des ign  t o  opt imize su r face  temperature h i s t o r i e s .  

The computed temperature  d i f f e r e n c e  is approximately 40 F 

Fur the r ,  

A means f o r  desc r ib ing  t h e  n e t  t r a n s p o r t  behavior  of contaminant 

gases  wi th in  t h e  s p a c e c r a f t  environment is necessary. Whereas a n e t  

gas outflow occurs  dur ing  a scen t  due t o  gross p r e s s u r e  changes as 

descr ibed  above, gas composition g r a d i e n t s  a l s o  change w i t h  time. The 

combination of t h e o r e t i c a l  energy and mass flux vec to r  parameters  and 
t h e i r  d r i v i n g  f o r c e s  are p resen ted  i n  Table 11. 

TABU I1 

FORCES AND FLUXES (FROM IRREVE'RSIBU THERMODYNAMICS) 

Flux - 

Composition Gradients ,  
Temperature P res su re  Gradients ,  

Gradien ts  Body Forces  

Energy Flux, ei. F o u r i e r ' s  Law Dif fus ion  thermo 

Mass Flux jmi. Thermal Di f fus ion  F i c k ' s  Law and 

(Dufour e f f e c t  ) 

( S o r e t  e f f e c t )  ex tens  ion 

The energy flux caused by a composition g r a d i e n t  was discovered 

by Dufour i n  1873; it is known as t h e  Dufour e f f e c t  and a lso as t h e  

d i f f u s i o n - t h e r m  e f f e c t .  On t h e  o t h e r  hand, So re t  e s t a b l i s h e d  t h a t  
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mass f l u x e s  can a lso  be c rea t ed  by temperature grad ien ts .  

thermal  d i f f u s i o n  and d i f f u s i o n - t h e r m  e f f e c t s  a r e  t y p i c a l l y  

smaller order  of magnitude, t hey  have been excluded f o r  i n i t i a l  analy- 

t i c  work. The predominant f o r c e  considered, then, is F ick ' s  Law 

d i f fus ion .  With t h i s  condi t ion,  a material composition g rad ien t  

causes mass t r a n s p o r t  i n  t h e  d i r e c t i o n  of the lower concentrat ion 

region. 

Since the 
4 

of a 

F i c k ' s  first l a w  is  expressed: 

where 
Q is the flow rate of d i f f u s i n g  gas 

dc/& is t h e  concentrat ion g rad ien t  

D is  t h e  d i f f u s i o n  c o e f f i c i e n t .  1 

The negat ive s ign  desc r ibes  t h e  opposi te  flow d i r e c t i o n  wi th  res- 
p e c t  t o  the concent ra t ion  gradien t .  

For  cases  i n  which equi l ibr ium i s  reached only after long time 

per iods  o r  not  a t  all, F i c k ' s  second l a w  is a l s o  necessary. 

dc 
- a t  

2 d c  

Meyer has  established that ,  f o r  two gases, & c o e f f i c i e n t  of 

i n t e r d i f f u s i o n  is  given by: 

4. W. M. Kays, Convective Heat and Mass Transfer ,  McGraw H i l l ,  N.Y. 
(1966).  

5. Meyer, D. E., Jou rna l  of Vacuum Science and Technology, 11, 168 
( 1974 1 * 
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For the si tuation in  which the concentration of one of the gases 
is  rather s is  the case f o r  contaminant vapors, then Equation 
(12) reduces t o  . 

- 
- 

in  which 

v 3 2 av 

m is ,,e mass of "he predominant molecule 
T is the temperature, "K 
k is  Bolemann's constant 
5 is  the molecular diameter 
P is  the pressure. 

3 An excellent literature review w i t h  tables of values f o r  bina 
gas pa i r  diffusion coefficients has been done by Marrero and Mason 
The value f o r  air-water a t  temperatures of concern in  t h i s  analysis is  
0.29 cm 2/ a. 
binary air-water gas system is assumed. 

placements resulting from gaseous diffusion can be readily approxi- 
mated. It was shown by Einstein that  

. 

For th i s  simplified comparative modeling t o  date, the 
The order of magnitude of d is -  

z2 = 2Dt 

where : 
2 
t is  the t im duration 
D is  the diffusion coefficient of the medium. 

is the distance executed by a par t ic le  

b. Roth, A . ,  Vacuum TechnologJF, North Holland Publishing Company, 
New York (1976). 

7. 

8. 

Marrero, T. R. , and Mason, E. A . ,  J. Phys. &em. Ref .  Data, 
1: 3-118 (1972). 

Sherwood, Thomas K.; Pigf'ord, Robert L.; and WiUse, Charles R., 
Mass Transfer, McGraw H i l l ,  N. Y., p. 23 (1975). 
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Since t h e  d i f f u s i o n  c o e f f i c i e n t  va lues  are t y p i c a l l y  a few t e n t h s  

cm p e r  second a t  normal temperatures  and p res su res ,  the displacement 

is  i n  t h e  o rde r  of 1 cm p e r  second. 

time of one second, we have, from Equation (14), 

2 

For t h e  D value of 0.29 and a 

it2 = 2 ( . 2 9 ) ( 1 )  

from which 

2 = 7.6 mm i n  one second. 

A parameter i s  necessary  t o  d e f i n e  the l i m i t  case  i n  which gaseous 

d i f f u s i o n  is  no longer  s i g n i f i c a n t .  

l o c a l  molecular concent ra t ions  become s u f f i c i e n t l y  low t h a t  l i ne -o f -  

s i g h t  t r a n s p o r t  behavior  occurs;  tha t  is, the molecules impinge on 

surf aces  without  in te rmolecular  c o l l i s i o n s .  S t r i c t l y  speaking, there 

occurs  a t r a n s i t i o n  concent ra t ion  range dur ing  which some molecules 

s t a t i s t i c a l l y  do not  experience m l e c u l a r  c o l l i s i o n s  and some do. 

Detailed t rea tment  of t h i s  t r a n s i t i o n  regime i s  somewhat complex and 

should be s e p a r a t e l y  addressed. However, f o r  p r a c t i c a l  s p a c e c r a f t  

contamination modeling, it is  obviously important t o  address Mode 2 

mass t r a n s p o r t  as w e l l  as Mode 1. 

r o u t i n e l y  c a l c u l a t e d  and used as the program c o n t r o l  v a r i a b l e  is  the 

mean free path.  

t i o n s  (6)  and (8); it is commonly expressed as 

This s i t u a t i o n  occurs when the 

A convenient p a r a m t e r  which can be 

The express ion  f o r  mean free pa th  fo l lows  from Equa- 

X = 2.33 x 10 -20 - ( c e n t i m e t e r s )  
5% 

Since the t r a n s p o r t  d i s t a n c e  of i n t e r e s t  i n  contamination a n a l y s i s  
2 is t y p i c a l l y  i n  the o r d e r  of a meter (10 

value f o r  X i s  thereby  defined. Then, f o r  X 10 cm, Mode 1 d i f f u -  

s i o n  t r a n s p o r t  is s t a t e d  t o  occur. Conversely, f o r  X > 10 cm, l i n e  

cm), a convenient l i m i t  
2 

2 
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of sight (Mode 2)  mass t r a n s p o r t  is  indicated.  A p a r m t e r  which is  
i n t e r r e l a t e d  with h is  a l s o  ava i lab le .  The molecular incidence rate 
is  t h e  rider of m l e c u l e s  s t r i k i n g  a surPace element p e r  u n i t  ti=, 
which can be shown t o  be 

22 [ m o l e c u l e 7  cm 2 s. Q, = 3.513 x 10 P/(MT) 

The i n t e r r e l a t i o n s h i p  of t h e  values  f o r  (b and X fo r  a i r  at 25OC i s  

shown i n  Figure 5. 

Together with the mission ascent  parameters, Equations ( 9 ) ,  (lo), 
(ll), (13), and (15) form t h e  basis f o r  an iterative c a l c u l a t i o n  model 
which descr ibes  t h e  dynamic contamination t r a n s p o r t  behavior f o r  t h e  

phys ica l  spacec ra f t  system. It is necessary,  of course, t o  cons t ruc t  

a math model of the su r faces  of i n t e r e s t ,  including t h e i r  r e l a t i v e  

areas and the separa t ion  d i s t ances  f o r  all su r face  pa i r s .  However, it 
is  not  necessary t o  e s t a b l i s h  "view f a c t o r s , "  as would be done f o r  

r a d i a t i o n  h e a t  t r a n s f e r  o r  Mode 2 mde l ing .  

is  new, s impl i f i ca t ions  h a m  been used i n i t i a l l y .  These include t h e  

b ina ry  gas  assumptions and only two i n t e r a c t i n g  sur faces .  

t i o n  can be used t o  extend t h e  model t o  descr ibe  o t h e r  contaminants; 

t h i s  would involve separa te  ana lys i s  of i nd iv idua l  contaminants, each 

of which would form an air-contaminant binary gas pair. The matrices 
and t h e  computations become more complex when mul t ip le  su r faces  are 
analyzed, b u t  th i s  is  not  a formidable problem. 

of t h i s  mdel would s u b s t i t u t e  mre complex adsorpt ion-desorpt ion 

expressions f o r  Equation (9). 

Since t h i s  modeling work 

Superposi- 

A f u r t h e r  refinement 

9. Redheed, P. A., Hobson, J. P., and Kornelson, E. V., The Phys ica l  
Basis of Ultra-High Vacuum, Chapman and H a l l ,  London (1968). 
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Figure 5 h and+vs. pressure for air at 25OC 
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4.0 APPLICATIONS 

The model approach presented he re in  has a considerable  amount of 

gene ra l i t y .  Some a n a l y t i c  uses  which suggest themselves include:  

4.1 Pred ic t ion  of contamination during s torage.  

4.2 "Self-contamination" ana lys i s .  

4.3 Contamination p ro tec t ion  assessments. 

4.4 Cyclic  contamination eva lua t ion  (STS Orbi te r ) .  

4.5 Thermal-contamination i n t e r a c t i o n  e f f e c t s .  
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